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The dynamic Stark shift results from the interaction of an atom with the electromagnetic field.
We show how a propagating single-photon wave packet can induce a time-dependent dynamical
Stark shift on a two-level system (TLS). A non-perturbative fully-quantum treatment is employed,
where the quantum dynamics of both the field and the TLS are analyzed. We also provide the
means to experimentally access such time-dependent frequency by measuring the interference pat-
tern in the electromagnetic field inside a one-dimensional (1D) waveguide. The effect we evidence
here may find applications in the autonomous quantum control of quantum systems without clas-
sical external fields, that can be useful for quantum information processing as well as for quantum
thermodynamical tasks.
PACS numbers:
The Stark shift is a variation of the energy levels of an
atom under the influence of an electric field. Originally
found for a static field, the Stark effect has also been
found for an atom driven by an alternating electric field
[1]. This is known as the Autler-Townes effect, which is
called the dynamic or AC Stark shift as well. Dynamic
Stark shifts have additionally been found for the case in
which an atom is perturbed by the scattering of a single
monochromatic photon [2].
The groundbreaking experimental expertise in control-
ling the quantum dynamics of single photons interacting
with single real or artificial atoms of the last decade of-
fers unprecedented research avenues. In particular, the
advent of nano or micro one-dimensional (1D) waveg-
uides, in the areas of semiconductor nanophotonics, of
nano optical fibers and of superconducting circuits, are
worth of special attention. They allow efficient propaga-
tion of wave packets, whereas keeping light-matter cou-
pling at the single photon level, providing novel regimes
as compared to cavity quantum electrodynamics or non-
linear photonic crystal scenarios. For instance, a single
quantum dot inside a 1D waveguide can form an efficient
single photon source [3, 4]. A single-photon wave packet
can then be routed through the 1D waveguide [5] un-
til it reaches another atom, with which it can interact
[6–11], even inducing non-Markovian dynamics in that
atom [12]. Single atoms coupled to 1D waveguides form,
thus, a strong candidate for quantum communication and
quantum information processing purposes [13–17].
In this work, we characterize the dynamic Stark shift
induced by a propagating single-photon wave packet on a
two-level system (TLS). We employ a non-perturbative,
analytic, fully-quantum treatment, where the quantum
dynamics of both the field and the TLS are taken into
account. We also evidence how that time-dependent fre-
quency shift can be measured from the interference pat-
tern in the field coming from the waveguide.
The dynamics of the composite system is unitary, gov-
erned by the total Hamiltonian H = Hsystem + Hint +
c  1
!0 ! !s(t)
b a 
Figure 1: (Color online) Dynamic Stark shift of the TLS.
A two-level system (sketched in the blue full circle), described
by states |g〉 and |e〉, is placed inside a one-dimensional waveg-
uide. A right-propagating single-photon packet (exponential-
shaped red line) is sent through the waveguide to interact
with the TLS. The spatial spread of the photon packet is
c∆−1, where c is the speed of light inside the waveguide and
∆ is the spectral linewidth of the pulse. During its inter-
action time with the TLS, the photon packet modulates the
TLS transition frequency in time, ω0 → ωs(t). After the pho-
ton has interacted with the atom it can be reemitted forward
(through channel a) or backwards (channel b), being measured
by the respective photodetectors. Both the dynamics of the
TLS and the electromagnetic field are addressed by means of
a non-perturbative fully-quantum approach.
Hfield. Here, Hsystem = ~ωisolσ+σ− is the Hamiltonian
of the isolated TLS, in which σ− = σ
†
+ = |g〉〈e|. The
TLS ground (resp. excited) state is denoted by |g〉 (resp.
|e〉), as sketched in Fig.1. The Hamiltonian of the 1D
free field modes that propagate forwards aω and back-
wards bω, with frequency ω, inside the waveguide reads
Hfield =
∑
ω ~ω[a†ωaω + b†ωbω]. The TLS-field interaction
Hamiltonian, in the dipole and rotating-wave approxima-
tions, is given by [18] Hint =
∑
ω −i~gω[σ+(aωe+ikωxs +
bωe
−ikωxs) − H.c.], in which xs is the position of the
TLS, kω = ω/c is the wavevector modulus, c is the
speed of light inside the waveguide, gω is the coupling
rate and H.c. denotes the Hermitian conjugate. Ref.[18]
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2also provides a detailed analysis of the waveguide mode
area A, i.e. its effective transverse cross section, and
its influence on gω ∝ 1/
√A. The reference frame is
set so that xs = 0. We are interested in the zero- and
one-excitation subspace, as described by the normalized
pure state of the global TLS-plus-field system, |ξ(t)〉 =
c0|g, 0〉+ψ(t)|e, 0〉+
∑
ω[φ
(a)
ω (t)a†ω+φ
(b)
ω (t)b†ω]|g, 0〉, where
|0〉 is the vacuum state of the field. The excited-state
population of the TLS is |ψ(t)|2. The amplitude c0 is
static and we choose c0 = 0. The real-space represen-
tation of the field reads [12] φ(a)(x, t) =
∑
ν φ
(a)
ν (t)eikνx
for the aν modes. It represents the probability amplitude
that the photon is found at position x, at time t, prop-
agating forwards. For the bν modes, one substitutes kν
for −kν as the photon propagates backwards. A contin-
uum of frequencies is assumed for the 1D environment,∑
ν →
∫
dνρ1D, so the flat spectral density of guided
modes is named ρ1D.
We analytically solve the Schro¨dinger equation
i~∂t|ξ(t)〉 = H|ξ(t)〉 to find the dynamics of the
composite TLS-plus-field system. Because the hamil-
tonian H conserves the number of excitations, |ξ(t)〉
is still restricted to the single-excitation subspace.
The self interaction of the TLS mediated by the
electromagnetic reservoir imposes a Lamb shift,
ωLamb =
∑
ν g
2
νP {1/(ωisol − ν)}, where P stands
for the principal part. So, the effective frequency of
the TLS becomes ω0 = ωisol + ωLamb. The contin-
uum of frequency modes imposes a vacuum-induced
decay rate to the TLS, Γ1D = 4pig
2
ω0ρ1D, in the
Wigner-Weisskopf approximation. For a general
input photon packet the excited-state amplitude
dynamics is found to be ψ(t) = ψ(0)e
−
(
Γ1D
2 +iω0
)
t −√
Γ1D
4piρ1D
∫ t
0
[
φ(a)(−ct′, 0) + φ(b)(ct′, 0)] e−(Γ1D2 +iω0)(t−t′)dt′.
Hence, the excited-state amplitude is driven by the value
of the initial photon packet at the position of the atom.
This represents a state of the field that is out of thermal
equilibrium.
We now analyze the reduced TLS dynamics. Our aim
is to identify the dynamic shift of the TLS frequency,
ω0 → ωs(t), induced by the out-of-equilibrium quantum
state of the electromagnetic environment, represented by
a propagating single-photon packet. That is evidenced by
a non-perturbative treatment, where the reduced dynam-
ics of the TLS is rewritten in the form of an exact master
equation, which happens to be in a Lindblad form. Such
reduced dynamics of the TLS is directly obtained by trac-
ing out the field variables, ρs(t) = Trfield{|ξ(t)〉〈ξ(t)|}. In
close analogy to the procedure of Ref.[19], we show that
ρs(t) obeys the following master equation,
∂tρs(t) = − i~ [Hs(t), ρs(t)] + Lt{ρs(t)}, (1)
where
Hs(t) = ~ωs(t) σ+σ− (2)
and Lt{ρs(t)} = Γ(t)
(
σ−ρs(t)σ+ − 12{σ+σ−, ρs(t)}
)
,
{., .} being the anticommutator. In Eq.(2), the TLS time-
dependent frequency induced by the single-photon packet
is defined by
ωs(t) ≡ −Im[∂tψ(t)/ψ(t)] (3)
and the time-dependent decay rate induced by the quan-
tized field is defined by Γ(t) ≡ −2 Re[∂tψ(t)/ψ(t)]. These
expressions provide the analytical means by which one
can obtain both the unitary and non-unitary parts of
the TLS reduced dynamics. The former is driven by the
effective TLS Hamiltonian Hs(t) and the latter, by the
effective Lindbladian Lt. Both terms have the same phys-
ical origin, namely, the interaction of the TLS with the
1D continuum of modes of the electromagnetic field, in
which a single-photon packet state can be initially pre-
pared.
The time-dependent TLS frequency evidenced by the
master equation (1) has a sound physical meaning. A
propagating photon pulse represents out-of-equilibrium
fluctuations of the electric field amplitude in time and
space. Since the TLS-field interaction Hint is given
by means of a dipole coupling, a change in the elec-
tric field may stretch and contract the TLS dipole,
inducing the time-dependent Stark shift effect. To
make this statement more precise, we can show that
∂tωs(t) = (1/2) ∂t
(〈Hint(t)〉/|ψ(t)|2), where 〈Hint(t)〉 =
〈ξ(t)|Hint|ξ(t)〉. So, the time variation of the TLS fre-
quency is related to the time variation of the average
dipole interaction energy, as intuitively expected. In par-
ticular, if the average interaction energy is zero, the TLS
frequency becomes static, ∂tωs(t) = 0. We have found
that 〈Hint(t)〉 = 2~gω0Im[φ(a)(0, t)ψ∗(t)], which vanishes
if the phase of the field amplitude is equal to the phase
of the TLS excited-state amplitude.
An explicit expression for ωs(t) has been found for
the particular case where the incident photon packet
is prepared by means of a spontaneous emission from
another TLS, of frequency ωL and linewidth ∆. In
that case, the field amplitude has an exponential profile
[6, 12], φ(a)(x, 0) = NΘ(−x) exp[(∆/2 + iωL)x/c], where
N =
√
2piρ1D∆ is a normalization factor and Θ(x) is the
Heaviside step function. The packet spectral linewidth
is characterized by ∆, hence the typical time duration of
the pulse is ∆−1. The central frequency of the packet is
ωL, that corresponds to the transition frequency of the
emitter. We define a static detuning δ = ωL − ω0. In
addition, we choose ψ(0) = 0 and φ(b)(x, 0) = 0 to find
ψ(t) = −
√
Γ1D∆
2 e
−
(
Γ1D
2 +iω0
)
t
[
e(
Γ1D−∆
2
−iδ)t−1
Γ1D−∆
2 −iδ
]
. In that
case, the time-dependent frequency reads
ωs(t) = ω0 + ∂t tan
−1
(
sin(δt)
cos(δt)− e(∆−Γ1D)t/2
)
. (4)
3The function ωs(t) is plotted in Fig.2. Three regimes
are presented. The blue curve stands for a highly de-
tuned δ = 5 and long packet (small linewidth) ∆ = 0.1
(in Γ1D = 1 units). We see highly oscillatory frequency
shifts. The black curve stands for a low detuning δ = 0.1
and short packet (large linewidth) ∆ = 5. The small du-
ration of the pulse does not leave time enough for any
shift to be seen. In addition, the almost resonant pho-
ton cannot induce a significant shift in the TLS tran-
sition. The red curve stands for intermediate detun-
ing δ = 3 and linewidth ∆ = 0.9. There we see the
highest peaks in the dynamic shift. In all the cases,
we have chosen ω0 = 10
6Γ1D. Eq.(4) shows that the
curve shape does not depend on ω0, apart from a mul-
tiplicative factor. For realistic quantum dots in pho-
tonic nanowires [3] the order of magnitude of the shift is
∼ 10−3%× ω0 = 10−3%× 106Γ1D = 10 Γ1D ∼ 103 MHz,
since Γ1D ∼ 102 MHz and ω0 ∼ 3 × 106Γ1D = 300 THz.
In other words the shift, ωs(t)−ω0, can be 10 times bigger
than the transition line resolution, Γ1D. The parameters
of Refs.[6, 9, 11, 20, 21] all give rise to the same order of
magnitude for the shifts, i.e., ωs(t) − ω0 ∼ 10 Γ1D. An-
alytically, from Eq.(4), we see that ωs(t) − ω0 is an odd
function of the detuning δ. Thus, at zero detuning, δ = 0,
the time-dependent frequency becomes ωs(t) = ω0. Un-
der the mode-matching condition, ∆ = Γ1D, the Stark
shift also becomes time independent, ωs(t) = ω0 + δ/2.
For a long packet (∆  Γ1D), the time dependency
rapidly vanishes, so the photon also induces only a static
frequency shift in the TLS, ωs(t) → ω0 + δ. Therefore,
the TLS frequency becomes equal to the photon central
frequency, ωs(t) ≈ ω0 + δ = ωL. The intuitive explana-
tion for this result in the long packet regime relies in the
fact that the atom approximately behaves as a dielec-
tric medium, in the sense that its dipole oscillates at the
same frequency of the pumping field. The atom dipole is
proportional to the TLS excited-state amplitude, which
becomes approximately ψ(t) ∝ exp[−(∆/2+iωL)t], mak-
ing it clear that the central frequency of the TLS is ωL
in the ∆  Γ1D limit. In this case, the outgoing pho-
ton will have the same frequency as the incoming one.
Note that, although the shift increases linearly with the
detuning, its impact on the field observables decay as
∼ 1/(Γ2 + 4δ2), as discussed below Eq.(5). For the short
packet (∆  Γ1D) regime, we see that, again, the time-
dependent frequency becomes static, ωs(t) ≈ ω0.
The output channels of the waveguide that establishes
the 1D electromagnetic environment give information
about the TLS dynamics, if one takes the perspective
of seeing such TLS dynamics as a photon absorption-
(re)emission process. At channel b, for instance, the
field amplitude φ(b)(xd, t) at the position of the detec-
tor xd < 0 at time t is directly proportional to the ex-
cited state amplitude, φ(b)(xd, t) =
√
β ψ(t − |xd|/c),
where β = Γ1Dpiρ1D. The probability density of de-
tecting a photon at position xd at time t, which gives
0 1 2 3 4 5 6 7 8
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Figure 2: (Color online) Time-dependent TLS fre-
quency. The blue curve stands for a highly detuned δ = 5
and long packet (small linewidth) ∆ = 0.1. The black
curve stands for a low detuning δ = 0.1 and short packet
(large linewidth) ∆ = 5. The red curve stands for inter-
mediate detuning δ = 3 and linewidth ∆ = 0.9. In all
the cases, we have chosen ω0 = 10
6 Γ1D and Γ1D = 1. In
the case of realistic quantum dots in photonic nanowires [3],
Γ1D ∼ 102 MHz and ω0 ∼ 3 × 106Γ1D = 300 THz. In
such more realistic scenario the shift can be of the order of
ωs(t)−ω0 ∼ 10−3%×ω0 = 10 Γ1D ∼ 103 MHz. By repeating
the analyzes for the parameters of Refs.[6, 9, 11, 20, 21], we
always find |ωs(t)− ω0| ∼ 10 Γ1D, in each case.
the intensity Ib(t) of the electric field at the detector,
is Ib(t) = |φ(b)(xd, t)|2 = β|ψ(t − |xd|/c)|2. The signa-
ture of the time dependency of ωs(t) appears on the field
φ(b)(xd, t). By writing ψ(t) = |ψ(t)| exp iθ(t) and us-
ing Eq.(3), one promptly shows that ωs(t) = −∂tθ(t).
By the linearity of the field amplitude with respect to
the excited-state amplitude, the phase of the field is
given by θb(t) = θ(t), so that ∂tθb(t) = ∂tθ(t). Because
φ(b)(xd, t) represents the quantum state of the electric
field amplitude, the negative of the time derivative of its
phase, −∂tθb(t), can be intuitively interpreted as an effec-
tive time-dependent color of the field ω
(b)
eff (t) ≡ −∂tθb(t).
Therefore, ω
(b)
eff (t) = ωs(t), i.e., the instantaneous color of
the field emitted through channel b by the TLS is equal
to the instantaneous transition frequency of the TLS it-
self. Indeed, by testing this concept for the input packet
φ(a)(x− ct, 0), we see that ωineff(t) = ωL as we should ex-
pect. In addition, the temporal modulation of ωs(t), as
described by Eq.4, is very slow, ωs(t)−ω0 ∼ δ  ω0, for
the chosen parameters. These two properties corroborate
the interpretation of ω
(b)
eff (t) as a time-dependent color for
the reemitted photon through channel b.
Such an effective time-dependent color is more than a
theoretical assessment. This quantity can be evidenced
experimentally. In channel a, there can be interference
between two amplitudes, φ(a)(x > 0, t) = φ(a)(x−ct, 0)+√
β ψ(t− x/c). The amplitude φ(a)(x− ct, 0) represents
the free propagation of the input photon packet with-
out interacting with the TLS, carrying its input effec-
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Figure 3: (Color online). Measuring ωs(t) from field in-
tensities. The difference of the signals (Ia − I0)− Ib is plot-
ted as a function of time. In all plots, the full lines represent
the the case in which the correct time-dependent frequency
ωs(t) is taken into account, whereas the crosses represent the
case where ωs(t) is incorrectly approximated by the static fre-
quency ω0. Plot (a) corresponds to the low detuned (δ = 0.1)
short packet (∆ = 5). Plot (b) corresponds to the highly de-
tuned (δ = 5) long packet (∆ = 0.1). Plot (c) corresponds to
the intermediate detuning (δ = 3) and linewidth (∆ = 0.9),
in which case the contrast is most visible.
tive frequency ωL. The amplitude
√
βψ(t − x/c) repre-
sents the packet emitted through channel a by the TLS
dipole, that is symmetric with respect to the amplitude
emitted through channel b, therefore carrying an effec-
tive frequency ωs(t), as well. Interference will depend
on a frequency matching between these two frequencies.
To make that clear, we write the intensity on channel a,
Ia(t) = |φ(a)(|xd|, t)|2 as an explicit function of ωL and
ωs(t),
Ia(t) = I0(t) + Ib(t) +
+2
√
I0(t)Ib(t) cos
(
pi +
∫ t
0
[ωL − ωs(t′)] dt′
)
,(5)
where I0(t) = |φ(a)(|xd| − ct, 0)|2 is the intensity of the
input field. We call to attention the fact that, in the
monochromatic (long photon) regime, ∆ Γ1D, we have
that Ib/I0 = Γ
2
1D/(Γ
2
1D + 4δ
2) and Ia/I0 = 4δ
2/(Γ21D +
4δ2). Therefore, at resonance, ωs(t) = ω0 = ωL, full
reflection of the photon is recovered, Ib/I0 → 1 and
Ia/I0 → 0, as predicted by other approaches to a similar
scenario in the literature [8, 22, 23]. Far-off-resonance,
the photon is completely transmitted, Ib/I0 → 0 and
Ia/I0 → 1, as expected. The difference of the signals,
(Ia−I0)−Ib is plotted in Fig.3, as a function of time. The
parameters of the plots (a), (b) and (c) respectively cor-
respond to the parameters of the curves black, blue and
red from Fig.2. In all plots, the full lines represent the
the case in which the correct time-dependent frequency
ωs(t) is taken into account, whereas the crosses repre-
sent the case where ωs(t) is incorrectly approximated
by the static frequency ω0, showing a visible difference
that can be measured from the field interference pattern.
This difference is much less pronounced in (a) and (b).
Plot (a) corresponds to the low detuned (δ = 0.1) short
packet (∆ = 5). The close-to-resonance condition im-
poses almost no shift, as evidenced by the coincidence
between the curves. Plot (b) corresponds to the highly
detuned (δ = 5) long packet (∆ = 0.1). In that case,
the measurement of the theoretically predicted differ-
ence would demand very high experimental precision,
since (Ia − I0) − Ib ∝ −2∆Γ21D/(Γ21D + 4δ2). Plot (c)
corresponds to the intermediate detuning (δ = 3) and
linewidth (∆ = 0.9), in which case the contrast is most
visible.
In conclusion, we have found a dynamical change in
the TLS transition frequency induced by a propagating
single-photon wave packet, which represents a realistic
out-of-equilibrium initial quantum state of the field. The
time-dependence of the dynamics of the Stark shift is
found as a function of the parameters of the packet, such
as the linewidth and the central frequency. The effect we
evidence here is measurable in a field interference exper-
iment. A very timely perspective opened by this paper
is the possibility of an autonomous control of the TLS
frequency, without the need for external classical appara-
tuses. In Ref.[24], the authors experimentally control an
artificial atom frequency by means of a strain-mediated
coupling with a mechanically oscillating 1D waveguide.
We would like to investigate whether the dynamical Stark
shift induced by a single-photon packet is able to drive
oscillations in the mechanical degree of freedom of that
hybrid optomechanical system, which could function as a
storage for quantum work [25], harvested from the pho-
5ton.
Conselho Nacional de Pesquisa CNPq Brazil
(477612/2013-0, 478682/2013-1). Instituto Nacional de
Cieˆncia e Tecnologia – Informac¸a˜o Quaˆntica (INCT-IQ),
Brazil. Coordenac¸a˜o de Aperfeic¸oamento de Pessoal de
Nı´vel Superior (CAPES) (88881.120135/2016-01).
∗ Electronic address: daniel@fisica.ufmt.br
[1] S. H. Autler and C. H. Townes, Stark Effect in Rapidly
Varying Fields Phys. Rev. 100, 703 (1955);
[2] C. Cohen-Tannoudji, J. Dupont-Roc, G. Grynberg,
Atom-Photon Interactions (Wiley-VCH, Weinheim,
2004);
[3] J. Claudon, J. Bleuse, N. S. Malik, M. Bazin, P. Jaf-
frennou, N. Gregersen, C. Sauvan, P. Lalanne and J.-M.
Ge´rard, A highly efficient single-photon source based on
a quantum dot in a photonic nanowire Nat Photonics 4,
174 (2010);
[4] T. Lund-Hansen, S. Stobbe, B. Julsgaard, H.
Thyrrestrup, T. Su¨nner, M. Kamp, A. Forchel, and P. Lo-
dahl, Experimental Realization of Highly Efficient Broad-
band Coupling of Single Quantum Dots to a Photonic
Crystal Waveguide, Phys. Rev. Lett. 101, 113903 (2008);
[5] M. Pechal, L. Huthmacher, C. Eichler, S. Zeytinoglu, A.
A. Abdumalikov Jr., S. Berger, A. Wallraff and S. Filipp,
Microwave-controlled generation of shaped single photons
in circuit quantum electrodynamics, Physical Review X 4,
041010 (2014);
[6] Y. L. A. Rezus, S. G. Walt, R. Lettow, A. Renn, G. Zu-
mofen, S. Gotzinger and V. Sandoghdar, Single-Photon
Spectroscopy of a Single Molecule, Phys. Rev. Lett 108,
093601 (2012);
[7] S. A. Aljunid, G. Maslennikov, Y. Wang, H. L. Dao, V.
Scarani and C. Kurtsiefer, Excitation of a Single Atom
with Exponentially Rising Light Pulses, Phys. Rev. Lett.
111, 103001 (2013);
[8] O. Astafiev, A. M. Zagoskin, A. A. Abdumalikov, Y.
Pashkin, T. Yamamoto, K. Inomata, Y. Nakamura, J. S.
Tsai, Resonance Fluorescence of a Single Artificial Atom,
Science 327, 840 (2010);
[9] A. Goban, C.-L. Hung, S.-P. Yu, J. D. Hood, J. A. Muniz,
J. H. Lee, M. J. Martin, A. C. McClung, K. S. Choi,
D. E. Chang, O. Painter and H.J. Kimble, Atom-light
interactions in photonic crystals, Nat. Commun. 5, 3809
(2014);
[10] A. Goban, C.-L. Hung, J. D. Hood, S.-P. Yu, J. A. Muniz,
O. Painter, and H. J. Kimble, Superradiance for Atoms
Trapped along a Photonic Crystal Waveguide, Phys. Rev.
Lett. 115, 063601 (2015);
[11] S. Faez, P. Tu¨rschmann, H. R. Haakh, S. Go¨tzinger, and
V. Sandoghdar; Coherent Interaction of Light and Single
Molecules in a Dielectric Nanoguide, Phys. Rev. Lett.
113, 213601 (2014);
[12] D. Valente, M. F. Z. Arruda, and T. Werlang, Non-
Markovianity induced by a single-photon wave packet in a
one-dimensional waveguide, Optics Lett. 41, 3126 (2016);
[13] D. E. Chang, A. S. Sorensen, E. A. Demler and M. D.
Lukin, A single-photon transistor using nanoscale surface
plasmons, Nature Phys 3, 807 (2007);
[14] J. Hwang, M. Pototschnig, R. Lettow, G. Zumofen, A.
Renn, S. Go¨tzinger and V. Sandoghdar A single-molecule
optical transistor, Nature 460, 76 (2009);
[15] O. V. Astafiev, A. A. Abdumalikov, Jr., A. M. Zagoskin,
Yu. A. Pashkin, Y. Nakamura, and J. S. Tsai, Ulti-
mate On-Chip Quantum Amplifier, Phys. Rev. Lett. 104,
183603 (2010);
[16] D. Valente, Y. Li, J. P. Poizat, J. M. Ge´rard, L. C. Kwek,
M. F. Santos, and A. Auffe`ves, Universal optimal broad-
band photon cloning and entanglement creation in one-
dimensional atoms, Phys. Rev. A 86, 022333 (2012);
[17] F. Fratini, E. Mascarenhas, L. Safari, J-Ph. Poizat, D.
Valente, A. Auffe`ves, D. Gerace, and M. F. Santos,
Fabry-Perot Interferometer with Quantum Mirrors: Non-
linear Light Transport and Rectification, Phys. Rev. Lett.
113, 243601 (2014);
[18] P. Domokos, P. Horak, H. Ritsch, Quantum description
of light-pulse scattering on a single atom in waveguides,
Phys. Rev. A 65, 033832 (2002).
[19] H.-P. Breuer and F. Petruccione, The Theory of Open
Quantum Systems, (Oxford University Press, Oxford,
2007).
[20] J. Bleuse, J. Claudon, M. Creasey, N. S. Malik, and J.-M.
Ge´rard, Inhibition, Enhancement, and Control of Sponta-
neous Emission in Photonic Nanowires, Phys. Rev. Lett.
106, 103601 (2011);
[21] M. Arcari, I. So¨llner, A. Javadi, S. L. Hansen, S. Mah-
moodian, J. Liu, H. Thyrrestrup, E. H. Lee, J. D. Song, S.
Stobbe, and P. Lodahl, Near-Unity Coupling Efficiency
of a Quantum Emitter to a Photonic Crystal Waveguide,
Phys. Rev. Lett. 113, 093603 (2014);
[22] J. T. Shen and S. Fan, Coherent photon transport from
spontaneous emission in one-dimensional waveguides,
Optics Lett. 30, 2001 (2005);
[23] A. Auffe`ves-Garnier, C. Simon, J.-M. Ge´rard, and J.-
P. Poizat, Giant optical nonlinearity induced by a single
two-level system interacting with a cavity in the Purcell
regime Phys. Rev. A 75, 053823 (2007);
[24] I. Yeo, P-L. de Assis, A. Gloppe, E. Dupont-Ferrier, P.
Verlot, N. S. Malik, E. Dupuy, J. Claudon, J. M. Ge´rard,
A. Auffe`ves, G. Nogues, S. Seidelin, J-Ph. Poizat, O.
Arcizet and M. Richard, Strain-mediated coupling in a
quantum dot-mechanical oscillator hybrid system, Nature
Nanotech 9, 106 (2014);
[25] J. Millen and A. Xuereb, Perspective on quantum ther-
modynamics, New J. Phys. 18, 011002 (2016);
